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During JulyeSeptember of 2008, 2009, and 2010 endangered age-0 juvenile shortnose suckers were
sampled from Upper Klamath Lake, OR in a health evaluation that included the measurement of
transforming growth factor e beta (TGF-b) expression in spleen in combination with a histopathology
assessment. This analysis was performed to determine if the expression of this immuno-regulator could
be used as a component of a larger health evaluation intended to identify potential risk-factors that may
help to explain why very few of these ﬁsh survive to age-1. Potential associations between TGF-b1
expression, histopathological ﬁndings, meristic data as well as temporal and spatial data were evaluated
using analysis-of-variance. In this analysis, the absence or presence of opercula deformity and hepatic
cell necrosis were identiﬁed as signiﬁcant factors in accounting for the variance in TGF-b1 expression
observed in age-0 shortnose suckers (n ¼ 122, squared multiple R ¼ 0.989). Location of sample collection
and the absence or presence of anchor worms (Lernaea spp.) were identiﬁed as signiﬁcant cofactors. The
actual mechanisms involved with these relationships have yet to be determined. The strength, however,
of our ﬁndings support the concept of using TGF-b1 expression as part of a broader ﬁsh health assess-
ment and suggests the potential for using additional immunologic measures in future studies. Specif-
ically, our results indicate that the measure of TGF-b1 expression in age-0 shortnose sucker health
assessments can facilitate the process of identifying disease risks that are associated with the docu-
mented lack of recruitment into the adult population.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Upper Klamath Lake transformed from a natural shallow
eutrophic lake to a hypereutrophic one following reclamation of
wetlands for agricultural use during the early 20th century [1,2].
This transformation was accompanied by a change in primary
production from a diatom dominated system to one dominated by.
t of Biology, Shepherdstown
d Canyon Monitoring and
access article under the CC BY-NCthe cyanobacteria, Aphanizomenon ﬂos-aquae [1,2]. The growth and
decomposition of dense algal mats formed during massive annual
summer blooms of A. ﬂos-aquae have been commonly associated
with poor water quality conditions in Upper Klamath Lake. These
conditions are characterized by high pH (9), elevated levels of
unionized ammonia (0.5 mg L1), and dissolved oxygen concen-
trations that range from anoxic to supersaturation [3]. An intensive
water quality study using continuousmonitors conducted on Upper
Klamath Lake from 2002 to 2004 found elevated pH (>9.7),
diminished dissolved oxygen (<4 mg L1) and elevated water
temperatures (>28 C) associated with these annual blooms in the
northern region of the lake [3] preferred by adult suckers [4]. In
addition to A. ﬂos-aquae, cyanobacteria blooms in Upper Klamath
Lake include hepatotoxin producing Microcystis aeruginosa [5]. In-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Upper Klamath Lake and its locations within the State of Oregon, USA (insert).
Williamson River and associated wetland restoration areas indicated with arrows.
Closed circle indicates sample location used for temporal monitoring of water quality
and microcystin concentrations.
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Conservancy and the U.S. Bureau of Reclamation embarked on a
program to restore the wetlands that previously occurred adjacent
to the conﬂuence of the Williamson River and Upper Klamath Lake.
Restoration efforts commenced with dyke breaches in autumn
2007.
The Federally endangered shortnose sucker (Chasmistes brevir-
ostris) populations within Upper Klamath Lake, OR have failed to
achieve signiﬁcant recruitment in over a decade [6]. Results from
juvenile sucker capture studies in Upper Klamath Lake suggest that
recruitment failures are largely the result of very low survival of
age-0 suckers to age-1. This lack of age-0 sucker survival to age-1
has been identiﬁed as a major factor in the recovery of the en-
dangered suckers in Upper Klamath Lake.
Multiple risks to age-0 sucker health have been identiﬁed. Low
dissolved oxygen in Upper Klamath Lake has been associated with
adult sucker mortality events in multiple years [3,7]. The bacteria,
Flavobacterium columnare, isolated from dead suckers following a
mortality event was shown in laboratory exposures studies to cause
mortality [8] that varied based on ammonia concentrations. These
authors [8] indicated that the relationships between F. columnare
eassociated mortality and water quality parameters are likely
complex. The possibility of a complex disease etiology impacting
the endangered suckers of Upper Klamath Lake is further supported
by the observation that the survival probability of shortnose
suckers can be as low in years with no observedmortality events as
in years when mortality events occur [9].
Transforming growth factor e b (TGF-b) is known to function as
a potent context-dependent T-cell regulator and as a critical cyto-
kine for wound healing in mammals [10]. This context dependence,
where speciﬁc effector activity is deﬁned by the overall cytokine
environment, allows TGF-b to aid in the maintenance of immune
tolerance and the development of immunologic memory without
inhibiting protective innate and acquired immune responses [10].
Three TGF-b isoforms are known to exist in mammals with TGF-b1
being the form associated with immune function and the remain-
ing two isoforms associated with hormone and developmental
signaling [10].
Transforming growth factor e b1 paralogues have been
demonstrated inmultiple teleost species [11] and two types of TGF-
b receptors have been identiﬁed in rainbow trout (Oncorhynchus
mykiss) [12]. Rainbow trout have also been shown to possess two
TGF-b1 paralogues that are coded in separate genes and exhibit
different expression proﬁles [13]. The TGF-b1 paralogue of short-
nose suckers appears to exist as a single gene containing a splice
variant [14]. As has been demonstrated in mammals, the TGF-b1
teleost paralogues have been shown to be an immune regulator [11]
with modulation of expression occurring during stress events
[15,16], infection [17e20] and toxin exposure [21]. The function of
the TGF-b1 paralogue in shortnose suckers has yet to be evaluated
experimentally.
In this study we evaluate potential associations with TGF-b1
expression in spleens of age-0 shortnose suckers captured in Upper
Klamath Lake and associated wetland restoration areas. Expression
of TGF-b1 is deﬁned relative to spatial and temporal data, gross
pathology and histopathology ﬁndings, and meristic data. Our se-
lection of TGF-b1 as the cytokine to measure was based on three
factors. Transforming growth factor e b1 has been successfully
quantiﬁed in wild-captured teleosts (22, 23). These previous suc-
cesses indicated to us that the duration of expression could be
sufﬁcient to permit the quantiﬁcation of expression in ﬁsh pop-
ulations that may exhibit a broad range of disease conditions and
immunologic states. Finally, we hypothesized that the postulated
immunoregulatory function of shortnose sucker TGF- b1 would
likely increase as disease states progressed leading to higher levelsof expression which would enhance our ability to associate the
expression of this cytokine with observed gross pathology and
histopathology. Although the failure of age-0 shortnose suckers to
reach age-1 could be occurring during the larval or post meta-
morphosis juvenile stage we have chosen to focus on juveniles
because they are the age-0 life-stage most likely to be present in
Upper Klamath Lake and the adjoining restoration areas during the
time period associated with the peak cyanobacterial blooms, poor
water quality and adult mortality events. By evaluating the
expression of this pluripotent cytokine in conjunction with the
other measures we hope to conﬁrm that assessment of TGF-b1
expression is useful as part of an overall health assessment of the
age-0 shortnose suckers. If the outcome of this study indicates that
TGF-b1 expression is useful, wewill also determinewhat additional
immunologic components could enhance health assessments.2. Methods
Fish were captured in fyke nets located in the lake proper as well
as Williamson River wetland restoration areas located near the
mouth of the Williamson River at the northern end of Upper Kla-
math Lake (Fig. 1) [24]. Lake-proper nets were placed both near
shore (within 5 m of shore) and offshore (beyond 5 m from shore).
Restoration area nets were placed in open water area as well as in
areas of submerged or emergent vegetation. Nets were typically
ﬁshed for 24 h with collections made on a biweekly basis beginning
in mid-July and ending in late September. Post capture age-
0 shortnose suckers were euthanized with MS-222. Spleen frag-
ments were harvested from euthanized ﬁsh and immediately
placed into cold Ambion RNAlater (Applied Biosystems/Life Tech-
nologies Corporation; Carlsbad, CA), refrigerated for 24 h at 4 C
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harvest, ﬁsh were measured for standard length and examined for
the presence of deformed opercula and anchor worms (Copepoda,
Lernaea spp.) anywhere on the gills or skin surface. After the
coelomic cavity was open for tissue extraction and tissue harvests
had occurred, the remainder of the ﬁsh was ﬁxed whole in 10%
phosphate buffered formalin at a 8:1 ﬁxative to tissue ratio.
Fixed ﬁsh specimens were transected behind the operculum,
and the head section bisected longitudinally with both half-head
sections processed for analysis. The remaining caudal portion of
the ﬁsh was further sectioned transversely to produce 4 cross-
sections of the coelomic cavity for analysis. All visible portions of
the juvenile ﬁsh were evaluated, with particular emphasis on some
major organs that were readily apparent in most ﬁsh specimens
(gill, liver, excretory kidney, gut, body wall). Following standard
histological processing via sequential dehydration, embedding in
parafﬁn blocks, and thin sectioning (5 mm), microscope slides with
tissue samples were all stained with hematoxylin and eosin (H&E)
[25]. Tissue slides were evaluated via light microscopy at
100e1000 magniﬁcation. When warranted, additional tissue
slides were prepared and differentially stained to highlight
particular tissues or potential lesions. “Blind analysis” was per-
formed as the histopathologist was not aware of the precise
collection site or conditions for any of the ﬁsh throughout the
histological assessment process.
Extraction, reverse transcription, and quantiﬁcation of TGF-b1
expressions were performed as previously described [14]. Total
RNA was extracted from spleen tissue samples using EZNA Total
RNA kits (Omega Bio-Tek, Inc.; Norcross, GA), according to manu-
facturer instructions. RNA was quantiﬁed using a Nanodrop ND-
8000 spectrophotometer (Nanodrop Technologies/Thermo-Fisher
Scientiﬁc, Inc.; Wilmington, DE). The quality of extracted RNA was
determined using a 2100 Bioanalyzer (Agilent Technologies, Inc.;
Santa Clara, CA). Spleen RNAwas reverse transcribed using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems/Life
Technologies Corporation; Carlsbad, CA), then real-time PCR was
performed on an ABI7900HT system (Applied Biosystems) using
Power SYBR Green Master Mix (Applied Biosystems/Life Technol-
ogies Corporation; Carlsbad, CA). Primer sets were as follows (5’ e
30): TGF-b1 (LRO-554 e AGACTTGGGCTGGAAGTGGAT, LRO-555 e
CAGGACCCCATGCAATAGTTG); 18S (LRO-581 e ACGAAAGTCG-
GAGGTTCGAA, LRO-578 e GGGTCGGCATCGTTTACG). All plates
included a standard curve consisting of serially diluted plasmid
containing a cloned fragment of the shortnose sucker TGF-b1 or 18S
gene. Primers for quantitative RT-PCR were those described by
Robertson et al. [14]. Transforming growth factor e b and the
reference gene (18S) expression were measured in triplicate for
each sample by two-step quantitative RT-PCR (qRT-PCR). The per-
formance statistics for the qRT-PCR and validation of reference gene
expression were as previously described [14].
Statistical analysis was performed using SYSTAT (Version
11.00.01; SYSTAT Software Inc., Richmond, CA). Spleen TGF-b1
expression data were evaluated for normality using the Kolmo-
goroveSmirnov test statistic. The potential associations between
ﬁeld observations, themost commonly observed histologic ﬁndings
(Table 1) and TGF-b1 expression were determined using analysis of
variance (ANOVA) with covariants. All variables were tested as
potential factors and those that failed were considered as possible
covariants. All variables were considered categorical except TGF-b
expression. The ﬁnal ANOVAmodel was validated by bootstrapping
with a sample size of 250. The proportion of signiﬁcant bootstrap
samples was tested against a theoretical value of 50% failure using a
two-tailed equality of proportions test (large sample test). Only
data from those ﬁsh for which all TGF-b, histologic, temporal,
spatial, and meristic measures were obtained were considered inthe analysis. Fish collected from open-water restoration areas and
those collected from vegetated restoration areas were considered
to have been collected from off-shore or near-shore locations
respectively. Findings were considered statistically signiﬁcant
when p  0.05.
In some instances, degenerative changes in ﬁsh tissues appeared
likely to be an artifact produced by post-mortem autolysis based on
their nature, severity, or location/extent among other tissues. Data
from these individuals were not included in the analysis-of-
variance. Also excluded from analysis are data from any ﬁsh for
which an RNA Integrity Number (RIN) of less than ﬁvewas obtained
or for which there was insufﬁcient RNA extracted [14].
3. Results & discussion
Expression of TGF-b1 in the spleens of age-0 shortnose suckers
(n ¼ 122) sampled in July, August, and September of 2008, 2009,
and 2010 was assessed primarily in ﬁsh captured in the last half of
August and the ﬁrst half of September during each of the three
years (Table 2). In 2008 and 2009 most of the ﬁsh were captured in
both onshore and offshore locations within wetland restoration
areas (Table 2). In 2010, the balance of captures in wetland resto-
ration areas versus the lake proper was more closely balanced with
the majority of ﬁsh coming from offshore locations (Table 2). The
length of ﬁsh included in the data set was similar between 2008
and 2009 with smaller ﬁsh included in 2010. In a previous study
[14], we reported on the association between air temperature at
time of sampling and resulting RNA quality as reﬂected by RIN. In
this study we showed that TGF-b1 expression in age-0 shortnose
suckers from Upper Klamath Lake was signiﬁcantly reduced in
samples with RIN values below eight. Our decision to exclude data
from ﬁshwith RIN values below ﬁvewas based on the need to ﬁnd a
balance between the risk of using RNA of a quality known to yield
diminished TGF-b1 expression values and the amount of available
data.
Spleen TGF-b1 expression data were found to ﬁt a normal dis-
tribution (KolmogoroveSmirnov test statistic ¼ 0.4502; two-tailed
p < 0.001). Analysis-of-Variance modeling indicated that the
occurrence of deformed opercula (p < 0.001; Fig. 2) and the
occurrence of hepatic cell necrosis (p < 0.001, Figs. 3 and 4) were
associated with signiﬁcant increases in TGF- b expression within
the spleens of age-0 shortnose suckers. The interaction between
these two factors was also signiﬁcant (p < 0.001) and was additive
with the one ﬁsh exhibiting both deformed opercula and hepatic
cell necrosis exhibiting TGF- b expression levels (normalized
value ¼ 0.00068) at least 10-fold higher than ﬁsh in which the two
factors appeared separately. This interaction contributed to the
large standard deviations observed in both factors (Figs. 2 and 3)
with the additive effect appearing in the TGF-b1 expression data
associated with both deformed opercula and hepatic cell necrosis.
Sampling location onshore or offshore (p ¼ 0.002), sampling loca-
tion in the lake proper or restoration areas (p ¼ 0.001) and the
presence or absence of Lernaea spp. (p < 0.001) were identiﬁed as
covariants. The ANOVA model accounted for most of the observed
variance in normalized TGF- b expressionwith a squaredmultiple R
value of 0.989. The DurbineWatson D statistic value for the model
was 2.127 and ﬁrst order autocorrelation was 0.067. In bootstrap
model validation, 221 of the 250 samples were signiﬁcant. Equality
of proportions testing against a theoretical 50% failure rate indi-
cated grounds for rejecting the null-hypothesis of the proportions
being equal (p < 0.001). Bootstrap summary statistics
(mean ± standard deviation values, n ¼ 250) for sample size, p-
value, squared multiple R, DurbineWatson D statistic, and ﬁrst
order autocorrelation were 59.184 ± 5.601, 0.026 ± 0.093,
0.564 ± 0.351, 2.035 ± 0.382, and 0.00639 ± 0.031 respectively.
Table 1
Field Observation, histopathology and environmental variables used in mixed regression analysis of transforming growth factor e b expression in age-0 shortnose
suckers obtained from Upper Klamath Lake, OR and associated wetland restorations areas from July through September in 2008, 2009, 2010.
Field observation Histopathology observations
1) Sample Year;
2) Sample Period;
3) Capture Location (onshore vs. offshore, lake proper vs restoration areas);
4) Standard Length Groups;
5) Occurrence of Deformed Opercula;
6) Presence of Lernaea spp. Anywhere on Body
1) Gill Epithelial Hyperplasia Occurrence;
2) Occurrence of Trichodina on gills;
3) Occurrence of Ichthyobodo on gills;
4) Occurrence of Hepatic Cell Necrosis;
5) Occurrence of Hepatic Cell Vacuolization;
6) Occurrence of Encysted Helminths in Body Wall
Table 2
Temporal and spatial capture summary as well as standard length ranges for age-0 shortnose suckers captured from Upper Klamath Lake, OR and associated wetland res-
torations areas from July through September in 2008, 2009, 2010. Fish were assessed for spleen transforming growth factore b expression, the presence of gross pathology and
for any histopathology.
Sample year Sampling period (n)a Capture location:
Onshore (n)
Capture location:
Offshore (n)
Capture location:
Restoration area (n)
Capture location: Upper
Klamath Lake (n)
Standard length Median &
range (mm)
2008 (n ¼ 36) P1-1; P3-26; P4-5; P5-4 15 21 32 4 59.5
40e72
2009 (n ¼ 34) P1-3; P3-7; P4-14; P5-10 17 17 29 5 63
41e80
2010 (n ¼ 52) P1-4; P3-28; P4-19; P5-1 20 32 27 25 50
36e63
a P1-July 15 to July 31; P3- August 16 to August 31; P4- September 1 to September 15; P5- September 16 to September 30.
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Fig. 2. Associations between the absence or presence of deformed opercula and
transforming growth factor e b (TGF e b) expression in the spleens of age-0 shortnose
suckers captured from Upper Klamath Lake, OR and associated wetland restorations
areas. Fish were sampled from July through September in 2008, 2009, 2010. Associa-
tions determined by analysis-of-variance modeling. Parenthetically listed above each
bar is the data set sample size (n).
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Fig. 3. Associations between the absence or presence of hepatic cell necrosis and
transforming growth factor e b (TGF e b) expression in the spleens of age-0 shortnose
suckers captured from Upper Klamath Lake, OR and associated wetland restorations
areas. Fish were sampled from July through September in 2008, 2009, 2010. Associa-
tions determined by analysis-of-variance modeling. Parenthetically listed above each
bar is the data set sample size (n).
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the spleens of age-0 shortnose suckers, opercula malformation and
hepatic cell necrosis, are known to be associated with multiple
potential etiologies and the mechanisms through which they are
associated with TGF- b expression have yet to be determined.
Opercula malformation is a well described deformity of many
species of age-0 ﬁsh. Poor water quality including chemical or
heavy metal contamination, nutritional imbalance, and poor ge-
netic diversity have all been linked to opercula deformity among
ﬁsh [26]. In wild ﬁshes, poor water quality and contaminants are
often associated with deformity. Opercula malformation may have
serious implications for health and survival of ﬁshes, and has been
associated with poor recruitment of age-0 ﬁsh [27]. A previous
health related assessment of larval and juvenile shortnose suckerpopulations in Upper Klamath Lake conducted in 1993 also re-
ported deformed opercula among this population [28]. In this
study, poor water quality was suggested as a contributor to
deformed opercula occurrence. Inclusion of water quality measures
was not a component of this study; however, given the history of
poor water quality in Upper Klamath Lake an etiology for the
deformed opercula observed in this study that is associated with
water quality seems plausible. Hepatic cell necrosis may be caused
by a number of factors including viral infections and toxin expo-
sures. Data on potential viral infections within the shortnose sucker
population have yet to be obtained. An etiology based on cyano-
toxin production, however, may be plausible. Elevated microcystin
levels were noted in Upper Klamath Lake during the course of this
study [29,30]. Hepatic cell necrosis is the single most common
Fig. 4. Hepatic cell necrosis observed in age-0 shortnose sucker obtained from Upper
Klamath Lake, Oregon. Normal hepatocellular morphology appears at the bottom of
the photo with changes characteristic of necrosis nearer to the middle and top.
Changes include nuclear pyknosis (small black arrow), degeneration and loss of
cellular deﬁnition (large black arrow) and cellular swelling and vacuolation (white
arrow). Bar e 10 microns.
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[31e33].
The concept of using TGF-b1 expression as a component of a ﬁsh
health assessment is not new [22,23]. Here, the quantitative mea-
sures of TGF-b1 expression in the assessment of age-0 shortnose
sucker health were found to be very useful as indicated by the
probable relevance of identiﬁed factors and by the ability to ac-
count for almost all statistical variation in TGF-b1 expression. The
identiﬁcation of the associations between spleen TGF-b1 expres-
sion, deformed opercula, and hepatic cell necrosis indicates the
potential beneﬁt in obtaining data on additional physiologic
markers of poor water quality as well as on tissue cyanotoxin
concentrations. Such speciﬁc guidance is of substantial beneﬁt to
the process of hypothesis building as well as future study design
and thus tends to support the use of TGF-b1 expression as part of
the larger health assessment. The results from our ANOVA
modeling also indicated the occurrence of signiﬁcant covariants.
Sampling locations and the presence or absence of Lernaea spp. on
the body surface accounted for observed variance in TGF-b1
expression beyond that explained by the identiﬁed factors and their
interaction. Given the relatively small number of individual ﬁsh
found to be positive for deformed opercula and hepatic cell ne-
crosis, these covariants likelymade amajor contribution to the high
model signiﬁcance determined during bootstrapping. The identi-
ﬁcation of covariants is critical in that it provides an indication of
how our ﬁeld study design could be altered to better deﬁne factors
impacting TGF-b1 expression. In this case, those changes would
likely include obtaining a more equal balance of sample numbers
between sampling locations and an overall increase in sample
number to better detect factors that have a lesser yet still signiﬁcant
impact on TGF-b1 expression relative to the factors identiﬁed.
The beneﬁt obtained from including spleen TGF-b1 expression
indicates the inclusion of additional immune component in the
health assessment could be of potential beneﬁt. Our goal is to link
observations made from ﬁeld sampling to immune status and
disease progression scenarios in a way that will allow for an ac-
curate prediction of outcome. The achievement of this goal will
depend on the use of information garnered from controlled labo-
ratory studies. Such laboratory experiments will also allow for
expression assessments of additional cytokines, particularly those
associated with TGF-b1, to improve our understanding of immune
status relative to identiﬁed disease scenarios. The design of theseexperiments, however, depends on having sufﬁcient information to
build hypotheses. Such information can only be obtained from
preliminary ﬁeld assessments. The task of identifying factors that
are impacting the health of age-0 shortnose suckers in Upper Kla-
math Lake is complex but the accurate identiﬁcation of these fac-
tors could be important to the restoration of this endangered
species. Our hope is that this type of research approach, once
reﬁned through the identiﬁcation of the most relevant data types,
will be applicable to similar situations in wild ﬁsh populations.
Reducing both the time and resources required to identify complex,
population-limiting, disease scenarios is relevant to our stated goal.
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